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In earlier studies" 2 it was shown that quantities such as dP/dV, (dP/dV)/P and end-diastolic pressure divided by end-diastolic volume (EDP/EDV) individually represent only one of several determinants of elastic stiffness of the left ventricle. Other important determinants are wall stress and ventricular volume-wall mass ratio. Although the quantity dP/dV (termed elastance) is some measure of the resistance of a hollow elastic structure to deformation, it does not Circulation, Volume 50, July 1974 possess appropriate normalization properties which allow for valid patient-to-patient comparison. In an attempt at normalization, some investigators3 have divided this quantity by P. The resulting expression (dP/dV)/P which is essentially the slope of the dP/dV versus P relation, displays considerable variability within a group of patients, and therefore may not be a sensitive index. This is evident from previous studies' which indicate that values of (dP/dV)/P for patients with congestive cardiomyopathy are lower than those for patients with normal ventricles. As for the expression EDP/EDV, it represents the slope of a line joining the origin (P = 0, V = 0) to the end-diastolic point and does not have any specific physiological meaning since the P-V curve does not pass through the origin.
The present study, in contrast to the previous study,' is concerned with the development of a stiffness formula based on the more appropriate ellipsoidal geometry4 and its application to patients with coronary artery disease (CAD) and primary myocardial disease. Such studies will allow for the development of a standard index of stiffness which may then be used as a base to obtain correlates based on noninvasive techniques.5 Furthermore, these concepts can be extended to the more important problem of the assessment of segmental wall stiffness encountered in many patients with coronary heart disease. Methods and Materials Twenty-two patients with primary myocardial disease and 34 patients with coronary artery disease were studied. Ten patients found to be normal at diagnostic catheterization served as controls. The criteria for the diagnosis of primary myocardial disease are the same as those previously employed by Kreulen, Gorlin, and Herman.6 These patients were classified as Type I (normal contraction patterns and elevated end-diastolic pressure), Type II (hypertrophy without obstruction), and Type III (hypokinetic and/or asynergic).
With patients in a 300 right anterior oblique (RAO) projection, 40-50 ml of 76% meglumine sodium diazitroate were injected over 3-4 sec into the left ventricle using multiholed catheters and a Viamonte Power injector. The ventriculograms were recorded on 16 mm cine film at a speed of 60-100 frames/sec. Ventricular silhouettes were calibrated to life-size using a filmed grid of known dimensions. Chamber volumes were calculated by the area-length method7 and left ventricular end-diastolic pressure was measured at high gain using a fluid-filled catheter system and Statham P23db transducer. Wall thickness was measured on the anterior surface of the left ventricle one third of the distance from the apex, and left ventricular mass was calculated according to a modification of the method of Rackley et al.8 Left ventricular hypertrophy was diagnosed from the ECG employing the criteria of Sokolow and Lyon.9
Since it was not possible to obtain simultaneous pressurevolume data throughout diastole in the present study, the pressure-volume relationship suggested by Gaasch et al.'0 was adopted. These investigations employed the empirically derived expression P = 0.43eav which was obtained on the basis of data taken from intact dog hearts. The limitations of this simplified expression will be discussed later. Theoretical Considerations.
Expressions for elastic stiffness
In this section we present expressions for the passive elastic stiffness and stiffness constant k based on the ellipsoidal and spherical geometry assumption for the left ventricle. However, only the analysis for the ellipsoidal geometry will be discussed here in detail.
Ellipsoidal geometry
We seek here an expression for elastic stiffness in the form due/dE = ke ae + ce based on the assumptions: 1) the ventricular wall material is incompressible, i.e., the wall volume remains constant throughout the cardiac cycle; 2) instantaneous stresses ae and strains e at the midwall of the equator of an ellipsoid of revolution represent the over-all mechanical behavior of the ventricle since the fibers are predominantly circumferential in this midwall region.
In particular, the circumferential midwall stress le may be approximated by"
where A, B are respectively the semi-major and semi-minor axes at the midwall, h is the wall thickness, and P is the left ventricular pressure. For the evaluation of the elastic stiffness Ee, we employ increments of the instantaneous stress Ore and strain e where doe is obtained by differentiation of the above expression and de = dB/B.
It is shown in Appendix 1 that the elastic stiffness Ee may be approximated by the expression 
a, b, and R are respectively the internal, external, and midwall radii of the sphere.
Results
In cm for Type III, and 1.01 ± 0.03 cm for patients with coronary artery disease.
In figures 2-6, the various indices of stiffness evaluated at end diastole are graphically displayed. The manifold results of these studies are based on several simplifying assumptions, one being that pressure-volume and stress-strain relations for the intact human heart are of an exponential form. This has been shown by several investigators'4-16 to be valid for the intact dog heart, but as yet, its validity in man has not been established.
Relative to the stiffness constants ke, ke, the results indicate that 1) they are unaffected by the assumed geometry of the ventricle and the stress formula employed; 2) stiffness constants are primarily dependent on the P-V relations, diastolic pressure, and the ventricular volume-mass ratio V/VW. In particular, k is elevated in patients with hypertrophy due to the increased wall mass and elevated dP/dV; and 3) values of k for the cardiomyopathy groups Type I and Type III are higher than those for the normal group due to the elevated end-diastolic pressures. Thus elevated k values combined with abnormal end-diastolic stresses may be associated with fibrosed ventricles. A similar finding is likely to be observed with scarred ventricles o.800{ The index dP/dV at end diastole is displayed for patients with normal ventricles, coronary artery disease (CAD), and primary myocardial disease ( The index (dP/dV)/P at end diastole is shown for the five groups of patients studied. figure 3 .
Results displayed in figure 3 are based on data from earlier studies1 and include 13 normals, seven patients with idiopathic hypertrophic subaortic stenosis (IHSS), and six patients with congestive cardiomyopathy (CC). Again there is a good separation between the normals and the cardiomyopathies; however, of particular interest is the result that all patients with IHSS were operating at normal stiffness levels even in the presence of elevated end-diastolic pressures. This finding was not predicted by the index V(dP/dV) shown on the right panel of figure 3 or by any of the other "indices of stiffness," and the discrepancy may well be due to the simple P-V relation employed. The finding of normal stiffness in these patients with IHSS may not be surprising since the stiffness constant k increases with the mass-volume ratio VW/V but the wall stress u decreases faster, thus yielding normal stiffness levels (E = ka).
In figures 4-6, Elastic stiffness Ee versus ejection fraction for the five groups of patients. Assuming normal cut-off values of 50% for the ejection fraction and 662 gm/cm2 for the stiffness (i.e., the highest normal value obtained), it is observed that many patients have normal ejection fractions associated with abnormal levels of stiffness. tent V(dP/dV) (all evaluated at end diastole) display considerable overlap between the various groups. These indices have some clinical value (albeit limited) in the sense that they may indicate directional changes in elastic stiffness but do not accurately quantitate stiffness.
The good correlation (r = 0.99) obtained between stiffnesses based on the spherical geometry and ellipsoidal geometry ( fig. 7) indicates that qualitative results are unaltered by the LV geometry assumption. As observed in figure 8, 1 fig. 9 ). Although the studies by Kreulen et al. 6 show that the cardiomyopathies in general may be classified on the basis of the left ventriculogram, there may not always be a correlation between elastic stiffness and contraction patterns as evidenced by the results of Type I patients. Furthermore, normal stiffness levels may be associated even in patients with coronary artery disease. Finally, invalid interpretation and quantitation of elastic stiffness of the left ventricle may lead to misdiagnosis of heart failure if current "indices of stiffness" are employed. The instantaneous increment in the midwall strain is de = dB/B, therefore the elastic stiffness may be written in the form Ee =dUe/dE = ke(e + Ce = (1e/P)B(dP/dB) + e(l + y)/(1 -h/2Bc,) = b(ue/P)V(dP/dV) + au(I + y)/(1 -h/2Bc,).
If the P-V relation is expressed as dP/dV = aP + 1, the constants ke, ce may be approximated by the expressions ke = b(aVed) + (1 + 'y)/(1 -h/2Bc,) Consider now that errors occur only in the measurement of the P-V relations which are given by P = beav. Hence we are interested in the error involved in the quantity 1 + (V/P)(dP/dV) = The above example is cited as a possibility that may arise in the quantitation of wall stiffness in patients with IHSS.
